Acetylcholine causes endothelium-dependent relaxations in the rat aorta. Both muscarinic acetylcholine receptors (mAChRs) and nicotinic acetylcholine receptors (nAChRs) are expressed in endothelial cells. It is generally accepted that mAChRs are responsible for the endothelium-dependent relaxations evoked by acetylcholine. The present study was designed to investigate whether nAChRs can also be involved in such responses evoked by the cholinergic transmitter. Rings with or without endothelium of aortae of spontaneously hypertensive (SHR) and Wistar-Kyoto (WKY) normotensive rats were suspended in organ chambers for the measurement of isometric tension. In WKY aortae the muscarinic antagonist atropine abolished the relaxations to increasing concentrations of acetylcholine, confirming that mAChRs are responsible mainly for the response under control conditions. In SHR aortae, atropine caused only partial inhibition of the endothelium-dependent relaxations to acetylcholine; the remaining decreases in tension were inhibited by the nicotinic antagonist mecamylamine, which did not significantly affect the response in the absence of atropine in either SHR or WKY preparations. Thus, when mAChRs are inhibited, nAChRs mediate relaxation to the cholinergic transmitter in the SHR but not the WKY aorta. Nicotine, a direct agonist of the nicotinic receptor, induced endothelium-dependent relaxations in both SHR and WKY rats via the activation of ␣7-nAChRs, but not by mecamylamine-sensitive nicotinic receptors (␣3 subtype). The acetylcholine-induced, atropine-insensitive relaxations and those to nicotine both involve the phosphatidylinositol 3-kinase/AKT pathway. The present study demonstrates that the activation of nAChRs can contribute to acetylcholine-induced, endothelium-dependent relaxations in the aortae of hypertensive animals and suggests that these receptors may contribute to the endothelium-dependent regulation of vascular tone.
Introduction
The endothelium, the thin monolayer of cells that lines the interior surface of all blood vessels, modulates vascular tone by releasing endothelium-derived relaxing factor (EDRF) and contracting factors that help to control the tone of the underlying vascular smooth muscle. Nitric oxide (NO) is the best characterized EDRF and plays a key role in protecting the vascular wall (Boulanger, 1999; Furchgott, 1999; Moncada and Higgs, 2006; Taddei et al., 2006; Vanhoutte et al., 2009) . Acetylcholine and physiological stimuli (physical forces, circulating hormones, platelet products, and prostaglandins) stimulate the release of EDRFs to evoke endothelium-dependent relaxations (Furchgott, 1999; Vanhoutte et al., 2009) . As a rule, the release of EDRF evoked by acetylcholine is mediated by the activation of muscarinic acetylcholine receptors (mAChRs) (Boulanger and Vanhoutte, 1994) . Studies of mRNA expression reveal a diverse distribution of the five known subtypes of mAChRs in various vascular beds (Wessler et al., 2003; Zarghooni et al., 2007; Wessler and Kirkpatrick, 2008) . However, not all muscarinic receptor subtypes expressed in given blood vessels contribute to the vasodilator response to acetylcholine. Pharmacological experiments with subtype-preferring agents and functional studies using gene-targeted mice deficient in one of three receptor subtypes (M 1 Ϫ/Ϫ, M 3 Ϫ/Ϫ, and M 5 Ϫ/Ϫ) demonstrate that the M 3 subtype is the main mediator of endotheliumdependent vasodilatations in response to acetylcholine (Boulanger et al., 1994; Gericke et al., 2011) . In addition to muscarinic receptors, a number of neuronal-type nAChR subunits (␣2, ␣3, ␣4, ␣5, ␣6, ␣7, ␣9, ␣10, ␤2, ␤3, and ␤4) have been identified in the endothelium (Brü ggmann et al., 2003) .
Patch-clamp studies demonstrate that human endothelial cells express functional nAChRs , and nAChRs can mediate proliferation, survival, migration, and tube formation in vitro as well as angiogenesis in vivo (Wang et al., 2001 (Wang et al., , 2003 . Nicotine, a potent nAChR agonist, promotes angiogenesis through the activation of non-neuronal nAChRs (Wang et al., 2003; Wu et al., 2009 ). Mecamylamine, a nonselective inhibitor of nAChRs, can completely and reversibly inhibit the resulting endothelial network formation. Similar results have been obtained with ␣-bungarotoxin, a selective inhibitor of ␣7 nAChRs ). In addition to its angiogenic effect, activation of ␣7 nAChRs may regulate the release of EDRFs. Thus, the aim of the present study was to verify the hypothesis that nAChRs can contribute to the endothelium-dependent relaxations evoked by the cholinergic transmitter.
Materials and Methods
All animal experimental procedures were approved by the Committee on the Use of Live Animals for Teaching and Research of the University of Hong Kong and were carried out in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 1996) .
Animal and Tissue Preparation. Male spontaneously hypertensive rats (SHR; 8, 18, and 36 weeks old) and Wistar-Kyoto (WKY) rats (36 and 60 weeks old) were used. They were housed in a room with standardized temperature (21 Ϯ 1°C) and exposed to a 12-h dark-light cycle. The rats had free access to a standardized diet (LabDiet 5053; PMI Nutrition, St. Louis, MO) and tap water. They were anesthetized with pentobarbital sodium (30 mg/ml⅐kg) intraperitoneally before sacrifice. Their thoracic aortae were isolated and placed immediately into cold Krebs-Ringer buffer with the following composition: 118 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , and 11.1 mM glucose (control solution). The adhering fat and connective tissue were removed. The aortae were then cut into rings (approximately 3 mm in length). In some rings, the endothelium was removed mechanically by gently rubbing the intimal surface of the rings with a syringe needle.
Isometric Force. The rings were suspended in organ chambers that contained 5 ml of control solution aerated with 95% O 2 and 5% CO 2 gas mixture, pH 7.4, at 37°C. Each ring was connected to a force transducer (model MLT0201/D; ADInstruments, Colorado Springs, CO) for isometric tension recording. The rings were stretched to an optimal tension of 2.5 g (determined in preliminary experiments; data not shown) and allowed to equilibrate for 90 min. They then were contracted twice with 60 mM KCl to obtain a submaximal reference contraction.
The aortic rings were incubated with vehicle, mecamylamine (nAChR inhibitor; 10 Ϫ4 M) (Bacher et al., 2009 ), atropine (mAChR inhibitor; 10 Ϫ5 M) (Clark, 1926) , mecamylamine plus atropine, dihydro-␤-erthroidine hydrobromide (DH␤E; selective antagonist at ␣4-nAChRs; 10 Ϫ5 M) (Roegge and Levin, 2006) , ␣-bungarotoxin (selective antagonist at ␣7-nAChRs; 10 Ϫ6 M) ), ␣-conotoxin (antagonist at ␣7 and ␣9 nAChRs; 10 Ϫ6 M) (Johnson et al., 1995) , N -nitro-L-arginine methyl ester (L-NAME; NO synthase inhibitor; 10 Ϫ5 M) (Rees et al., 1990) (Gluais et al., 2005), and 6,12,19,20,25,26-hexahydro-5,27:13,18:21,24-trietheno-11,7-metheno-7H-dibenzo[b,n] Banquet et al., 2011) .
After 40 min of incubation, the rings were contracted with phenylephrine (10 Ϫ5 M) and then exposed to cumulatively increasing concentrations of acetylcholine (10 Ϫ9 to 10 Ϫ5 M) or nicotine (10 Ϫ9 to 10 Ϫ4 M). All experiments were performed in the presence of indomethacin (nonselective cyclooxygenase inhibitor; 10 Ϫ5 M) (Lü scher and Vanhoutte, 1986) to prevent the formation of vasoactive prostanoids. The concentrations of the inhibitors used in this study were selected either from preliminary experiments (data not shown), previous experience in the laboratory, or the literature.
Detection of nAChR Subunit mRNA using PCR. TRIzol reagent (Invitrogen, Carlsbad, CA) was used according to the manufacturer's instructions to extract RNA from aortic samples. Firststrand cDNA synthesis was performed by using a PrimeScript II First Strand cDNA Synthesis Kit (Takara, Dalian, China). Gene information for the nAChR subunits was obtained from the National Center for Biotechnology Information nucleotide database (http:// www.ncbi.nlm.nih.gov/nuccore), and all primers sequences (Table 1) were designed by using the GenScript Real Time PCR Primer Design program (https://www.genscript.com/ssl-bin/app/primer). The PCR assay was carried out by using 46 l of PCR SuperMix, 1 l of each primer (10 Ϫ6 M), and 2 l of reverse-transcribed product by using the GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA). The reaction conditions were as follows: 95°C for 30 s for denaturing, 55°C for 1 min for annealing, and 72°C for 1.5 min for Taq activity. The PCR was performed for 40 cycles with a final 10-min extension step. The resulting PCR mix was then analyzed by electrophoresis on 1.2% agarose gels containing GelRed Nucleic Acid Stain (Biotium, Hayward, CA).
Chemicals. Acetylcholine, atropine, ␣-conotoxin, choline, indomethacin, L-NAME, LY294002, mecamylamine, TRAM-34, UCL 1684, and U0126 were purchased from Sigma (St. Louis, MO). PD98059 was purchased from Merck (Whitehouse Station, NJ). SB203580 was purchased from Santa Cruz Biotechnology, Inc. (Tables 2 and 3 ). Results are presented as means Ϯ S.E.M. with n referring to the number of rats used. Statistical analysis was performed by Student's t test for comparison of two groups or two-way analysis of variance. The statistical analysis and the area under the curve calculations were performed with Prism version 5. P values Ͻ 0.05 were considered to indicate statistically significant differences.
Results
nAChR Subunits. The ␣2, ␣3, ␣4, ␣5, ␣6, ␣7, ␣9, ␣10, and ␤2 subunits of nicotinic receptors were abundantly expressed in both SHR and WKY aortae (Fig. 1) .
Acetylcholine-Induced Relaxations. Acetylcholine caused relaxations in rings with endothelium of all experimental groups tested; such relaxations were not observed in preparations in which the endothelium had been removed mechanically (Figs. 2 and 3; Table 2 ). The protein expression of endothelial NO synthase was measured by Western blotting in rings with and without endothelium to further assess the functional integrity of the endothelium; it was significantly lower in rings without endothelium compared with those with endothelium (data not shown).
In aortae of 36-week-old SHR ( Fig. 2; Table 2 ), the relaxations to acetylcholine in mecamylamine-treated rings were similar to those obtained in control preparations; however, the relaxations were reduced but not abolished by atropine. The remaining responses and maximal relaxations in the presence of atropine approximated 50% of the relaxations observed in untreated control preparations, and the responses were abolished by the addition of mecamylamine. Likewise, in aortae of both 8-and 18-week-old SHR ( Fig. 3; Table 2 ), the remaining responses in the atropine-treated rings were similar to those obtained in preparations of 36-week-old SHR and abolished by the addition of mecamylamine.
In aortae of 36-week-old WKY rats ( Fig. 3 ; Table 2 ), acetylcholine-induced relaxations in mecamylamine-treated (to inhibit nAChRs) (Bacher et al., 2009; Kirshenbaum et al., 2011) rings were not significantly different from those observed in control preparations, but were abolished by atropine (10 Ϫ5 M; to inhibit mAChRs) (Clark, 1926) . The maximal relaxations were not significantly different in rings treated with atropine alone and with mecamylamine. In aortae of 60-week-old WKY rats ( Fig. 3; Table 2 ), the acetylcholineinduced relaxations in the different treatment groups were not significantly different from those obtained in preparations of 36-week-old animals.
In SHR aortae treated with 4-DAMP (preferential M 3 -mAChR inhibitor; 10 Ϫ7 M) (Boulanger et al., 1994) , the remaining responses and maximal relaxations to acetylcholine were comparable with those observed in atropine-treated rings ( Fig. 4 ; Table 2 ). The atropine-insensitive relaxations to acetylcholine were not affected significantly by treatment with ␣-bungarotoxin (selective antagonist at ␣7-nAChRs; 10 Ϫ6 M) ), ␣-conotoxin (antagonist at ␣7 and ␣9 nAChRs; 10 Ϫ6 M) (Johnson et al., 1995) , DH␤E (selective antagonist at ␣4-nAChRs; 10 Ϫ5 M) (Roegge and Levin, 2006) , or UCL1684 plus TRAM-34 (SK Ca and IK Ca inhibitors, respectively; 5 ϫ 10 Ϫ7 M) (Gluais et al., 2005) , whereas they were abolished by L-NAME ( Fig. 4 ; Table 2 ). In the presence of atropine, the maximal relaxations to acetylcholine were significantly reduced by L-NAME but not altered by other inhibitors. Nicotine-Induced Relaxations. In both SHR and WKY rat aortae, nicotine induced relaxations in preparation with, but not without, endothelium. The nicotine-induced relaxations were not affected significantly by atropine, mecamylamine, or the combination of these two inhibitors. The relaxations were not affected by DH␤E but were partially inhibited by ␣-conotoxin and significantly inhibited by ␣-bungarotoxin. The maximal relaxations to nicotine were reduced to 60% of those observed in the vehicle group by ␣-bungarotoxin in both SHR and WKY rats. The responses were almost abolished by L-NAME and were partially inhibited by TRAM-34 plus UCL 1684 in WKY aortae, but they were not significantly affected by this combination in SHR preparations ( Fig. 5; Table 3 ). The EC 50 values of nicotine in the absence and presence of the different inhibitors tested were similar between SHR and WKY rats (Table 3) .
Signaling Mechanisms. In SHR aortae, the remaining relaxations to acetylcholine in the presence of atropine were Banquet et al., 2011) . The nicotine-induced relaxations were significantly prevented by incubation with LY294002 in WKY aortae and partially inhibited in SHR rats. The relaxations were not affected by the other inhibitors ( Fig. 6; Table 3 ). The maximum of the remaining relaxation to acetylcholine and the response to nicotine was reduced to the same extent by LY294002 (Tables 2 and 3) .
Discussion
In both male SHR (8, 18, and 36 weeks old) and WKY (36 and 60 weeks old) aortae, the acetylcholine-induced relaxations were similar to the control responses in the presence of mecamylamine, indicating that muscarinic receptors are mainly responsible for endothelium-dependent relaxations to acetylcholine under control conditions. The main finding of the present study was that when muscarinic receptors were inhibited with atropine a substantial remaining relaxation to acetylcholine persisted in the SHR but not the WKY aorta. The remaining relaxations were not affected by ␣-bungarotoxin and ␣-conotoxin, indicating that the ␣7 and ␣9 subunits of nicotinic receptors are not responsible for the atropineinsensitive relaxations to acetylcholine (Johnson et al., 1995; Wu et al., 2009 ). The latter were abolished by the NO synthase inhibitor L-NAME but not by the SK Ca and IK Ca inhibitors UCL 1684 and TRAM-34, indicating that they are mediated by NO but do not involve endothelium-dependent hyperpolarization (Félétou and Vanhoutte, 2007) .
The atropine-insensitive responses observed in the SHR aorta are likely to be mediated through the activation of nicotinic receptors. This conclusion is based on the observation that mecamylamine, a nonselective inhibitor of nicotinic receptors (Kirshenbaum et al., 2011) , prevented the remaining relaxations. This unexpected response cannot be attributed to premature aging of blood vessel walls as a consequence of hypertensive process in the SHR (Kü ng and Lü scher, 1995; Taddei et al., 1997) , because similar remaining responses were observed in the aortae of both 8-and 18-week-old SHR rats and no such remaining response were observed in the aortae of 60-week-old WKY rats exposed to atropine. These results indicate the presence of functional nicotinic receptors at different stages of hypertension in the SHR. Hence, the response seems to be specific for the hypertensive strain and is not age-dependent. The effect observed in hypertensive animals could be explained by either parallel redundant mechanisms or cross-talk between muscarinic and nicotinic receptors. The observation that mecamylamine caused a modest, albeit not significant, reduction in the potency of acetylcholine indicates that nicotinic receptors may also function to mediate endothelium-dependent relaxations. However, when the two parallel pathways are available muscarinic receptors are sufficient to mediate endothelium-dependent relaxations, and only when muscarinic receptors are inhibited/occupied by atropine do nicotinic receptors become apparent and contribute to endothelium-dependent relax- ations. A similar type of redundancy occurs between M 1 and M 3 muscarinic receptors in salivary glands, where both subtypes are functional, but the activation/presence of either one is sufficient to mediate robust salivary output (Gautam et al., 2004 ). An alternative explanation would be that muscarinic receptors can tonically inhibit nicotinic receptor. A similar interaction between muscarinic and nicotinic receptors has been demonstrated in rat hippocampal interneurons where activation of M 1 receptors, through a phospholipase C-, calcium-, and protein kinase C-dependent signal transduction cascade, reduced the amplitude of the ␣7 nicotinic receptormediated responses (Shen et al., 2009) . That M 3 muscarinic receptors are responsible for atropine-sensitive inhibitory response to acetylcholine is demonstrated by the observation that the M 3 preferential muscarinic receptor antagonist 4-DAMP (Boulanger et al., 1994) can unmask identical remaining responses as atropine. The fact that when M 3 muscarinic receptors are occupied by atropine nicotinic receptors can mediate endothelium-dependent relaxations to acetylcholine only in preparations of hypertensive rats but not in those of normotensive controls suggests that hypertension may unmask a compensatory mechanism making the latter receptors "functional" when they are relieved from the inhibitory effect of the former. Such compensatory mechanism may result either from loss of or reduction in responsiveness to muscarinic receptors during the development of hypertension. The present observations do not permit further speculations concerning the mechanism underlying the interaction between M 3 muscarinic and nicotinic receptors.
To verify whether functional endothelial nicotinic receptors may be unmasked by atropine in the SHR aorta, the response to nicotine was examined. The present study demonstrates that this prototypical agonist at nicotinic receptors can induce endothelium-dependent relaxations in both SHR and WKY rat aortae, which, as could be expected, were not affected by atropine. The nicotine-induced relaxations were not sensitive to either mecamylamine or DH␤E. Nicotine has a high affinity to the ␣4␤2 subunit (Paradiso and Steinbach, 2003) , and DH␤E is a selective antagonist of ␣4␤2 nicotinic receptors (Roegge and Levin, 2006) . Mecamylamine is a commonly used nonselective antagonist, which, however, has a relatively higher affinity for the ␣3␤4 subunit compared with other nicotinic receptor subunits (Papke et al., 2001; Eguchi et al., 2007) . Thus, the nicotine-induced endothelium-dependent relaxations are not likely caused by the activation of either ␣4␤2 or ␣3␤4 subunits, although these subunits are present in the rat aorta. However, the nicotine-induced relaxations were inhibited by ␣-bungarotoxin and ␣-conotoxin, demonstrating the involvement of ␣7-nAChRs, a conclusion in line with the abundant expression of this subunit in the studied preparation (Johnson et al., 1995; Wu et al., 2009) . Taken together, the present findings indicate that if the nicotine-induced endothelium-dependent relaxations are mediated via ␣7 nicotinic receptors they are not affected by the state of muscarinic receptors, whereas the acetylcholine-induced atropine-insensitive relaxations are mediated through mecamylamine-sensitive nicotinic receptors, most likely the ␣3 subunits.
The nicotine-induced relaxations were also abolished by the NO synthase inhibitor L-NAME, indicating that they are mediated mainly by endothelium-derived NO. However, in the WKY aorta, the response to nicotine was inhibited partially by TRAM-34 plus UCL 1684, suggesting that endothelium-dependent hyperpolarization may also contribute to the response in the normotensive strain (Félétou and Vanhoutte, 2007) .
Because both the remaining responses to acetylcholine and the nicotine-induced relaxations were caused mainly by the release of NO, the signaling mechanisms that lead to the activation of endothelial NO synthase were probed pharmacologically. In human coronary artery endothelial cells, nicotinic receptors can activate three typical survival signaling pathways: PI3K/AKT, Janus tyrosine kinase 2/signal transducer and activator of transcription 3, and extracellular signal-regulated kinase 1/2 MAP kinases (Smedlund et al., 2011) . The present results suggest that both relaxations to nicotine and those to acetylcholine in the presence of atropine are mediated mainly by the PI3K/AKT signaling cascade, but not the other pathways tested, because both responses were reduced only by LY294002, an established inhibitor of PI3K (Johnson et al., 1995; Wu et al., 2009 ). Thus, endothelial nicotinic receptors can activate the PI3K/AKT pathway, which consequently activates endothelial NO synthase in the endothelium, leading to the production of NO and inducing vasodilatation.
In summary, in the SHR aorta endothelium-dependent relaxations evoked by acetylcholine result mainly from the activation of muscarinic receptors under control conditions. However, when the M 3 muscarinic receptors are inhibited/ occupied by atropine, nicotinic receptors can also contribute to endothelium-dependent relaxations in that preparation. Nicotine can induce endothelium-dependent relaxations via the activation of ␣7 nicotinic receptors in both SHR and WKY aortae. The acetylcholine-induced, atropine-insensitive relaxations and those to nicotine both involve the PI3K/AKT pathway and are caused by the release of endothelium-derived NO. These findings provide further evidence showing that nicotinic receptors can modulate physiological and pathophysiological processes in non-neuronal tissues and organ systems (Wang et al., 2004; Egleton et al., 2008; Mimura et al., 2010) . In addition to their involvements in angiogenesis, oxidative and phagocytic activity of macrophages, and the proinflammatory and proapoptotic actions of cytokines on endothelial cells (Lee and Cooke, 2011) , nicotinic receptors 
